The etiology of autism spectrum disorder (ASD) is poorly understood, but prior studies suggest associations with airborne pollutants.
A utism spectrum disorder (ASD) is a neurodevelopmental condition characterized by varying degrees of difficulty in social interaction, difficulties in verbal and nonverbal communication, and repetitive behaviors. 1 In the United States, the Centers for Disease Control and Prevention estimated a sharp increase in ASD prevalence from 6.7 per 1000 children aged 8 years (or 1 in 150 children) in 2000 to 14.6 per 1000 (or 1 in 68 children) in 2012. 2, 3 The prevalence in Canada was 15.2 per 1000 children aged 5 to 17 years in 2015 (or 1 in 66 children), and in British Columbia, it was estimated at 14.7 per 1000 (or 1 in 68 children). 4 The etiology of ASD is poorly understood. 5 Prior research has identified environmental contaminants and air pollution as potential risk factors for ASD. [6] [7] [8] [9] Recent systematic reviews have reported that exposure to air pollution is associated with increased risk for ASD. [7] [8] [9] In particular, studies from the United States, Israel, and Taiwan have reported positive associations between particulate matter (PM), nitric oxide (NO), and nitrogen dioxide (NO 2 ) exposures and increased risk for ASD. [10] [11] [12] [13] [14] [15] [16] In contrast, 3 studies in Europe observed no associations between ASD 17 or autistic traits 18, 19 with air pollutants. The proportion of children with ASD from these studies ranged from 342 of 49 073 (0.7%) 11 to 279 of 524 (53.2%), 12 and sample sizes ranged from 443 to 83 385. 10, 15 Outcome assessments have relied on parent-reported questionnaires, diagnostic codes in health registries, and, in some studies, individual evaluations or validation of all or a subset of children identified with ASD. Our study leveraged one of the largest population-based birth cohorts to date with strict diagnostic criteria for all children who were positively identified with ASD, and highresolution exposure estimates to investigate the association between prenatal exposure to ambient air pollution in Metro Vancouver, British Columbia, Canada.
Methods

Population and Study Design
The cohort included births from 2004 to 2009 to mothers who were registered with the provincial health insurance plan for 275 days or longer and resided in the Greater Vancouver area during the calendar year of their pregnancy.
The study was approved by the University of British Columbia Children's and Women's Research Ethics Board and Simon Fraser University. The study used deidentified data, so no consent was sought from individuals.
In British Columbia, the provincial public health insurance program covers nearly all residents. 20 We linked birth records in British Columbia from the British Columbia Perinatal Data Registry and British Columbia Vital Statistics with British Columbia Medical Service Plan and hospital discharge data, Statistics Canada data, and British Columbia Autism Assessment Network (BCAAN) data through Population Data British Columbia. [21] [22] [23] [24] [25] [26] [27] The British Columbia Perinatal Data Registry contains data abstracted from obstetrical and neonatal medical records on nearly 100% of births in the province from more than 60 acute care facilities, as well as births occurring at home that are attended by registered midwives. This includes data on women who had pregnancies ending in a live birth or stillbirth of at least 20 weeks' gestation or 500 g birth weight. The registry also collects data on maternal postpartum readmissions up to 42 days postdelivery and baby transfers and readmissions up to 28 days after birth. The estimated gestational age is calculated based on last menstrual period, first ultrasonogram (at <20 weeks' gestation), clinical estimate from the newborn examination, and documentation from the maternal medical record. 28 Health services data from the British Columbia Ministry of Health and British Columbia Vital Statistics Agency includes demographic information, residential location, medical visits paid for on a fee-for-service basis, and data on births, deaths, and hospital discharges. Statistics Canada provides neighborhood-level data on urbanicity and socioeconomic status, measured as income bands, which are 1000 bands of equivalized disposable income for each postal code (1 indicates the lowest income; 1000, the highest). In the urban Vancouver metropolitan area, a postal code represents small geographical areas, such as a high-rise building or 1 side of a city block.
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The study area was based on land use regression (LUR) models used for exposure assessment. 30 We obtained a linked file of all single, twin, or triplet births to mothers aged 15 to 49 years in British Columbia. Births with unknown gestational age or missing sex information, stillbirths, and infants who died younger than 1 year of age were not included in the data extract. Using residential postal codes, we excluded births outside of the study area. To develop exposure estimates for the first birth in 2004, we temporally adjusted LUR models beginning in January 2003. The cohort was followed up until the end of 2014, establishing a 5-year minimum follow-up period for ASD diagnoses.
Case Ascertainment
All primary care practitioners and specialists in British Columbia conduct general developmental surveillance. If a child is suspected of having ASD, they are referred for a BCAAN assessment, which yield person-specific ASD diagnostic data, based on clinical evaluations made by pediatricians, psychiatrists, or psychologists who have completed additional structured training and mentorships. Diagnostic assessment for ASD has been standardized within BCAAN since 2004 (April 1, 2004 , to December 31, 2014 , using the standardized Autism Diagnostic Observation Schedule (ADOS) and Autism Diagnostic Interview-Revised (ADI-R) instruments. In addition to detailed clinical history, evaluation of developmental status, and reports from community
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Question Is prenatal exposure to air pollution a risk factor for autism spectrum disorder?
Findings In this population-based cohort study of 132 256 births, maternal exposure to nitric oxide during pregnancy was associated with increased risk of autism spectrum disorder in offspring.
Meaning Reducing exposures of pregnant women to environmental nitric oxide may be associated with a reduction in autism spectrum disorder incidence in their children. The use of LUR models provides greater spatial resolution and the ability to capture small-scale, localized variation compared with reliance on air-quality monitoring data alone.
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Temporally adjusted LUR models allowed us to incorporate trends and estimate monthly mean air pollution exposures for each pregnant woman at her residential postal code for her entire pregnancy and each trimester. We used predictive mean matching to impute missing air monitoring station data. First, we developed temporal factors as a ratio between the monthly mean of air pollutant concentrations across all monitors for the month of interest over the annual mean of air pollutant concentrations across all monitors for the LUR year. 35 Then, we derived minimum concentrations by calculating the mean from the lowest daily mean in a month for all air monitors for each month of the LUR year. To avoid potentially estimating values of zero, LUR models were truncated before temporal adjustment (eFigures 1-3 in the Supplement). ArcGIS software version 10.3 (Esri) and R versions 3.3, 3.4, and 3.5 (The R Project for Statistical Computing), with rgdal and rgeos packages, were used.
Statistical Analyses
To examine the independence of pollutant concentrations, we calculated a Pearson correlation coefficient matrix for all pollutant-time pairs. We selected covariates a priori based on expert knowledge, data availability, past literature, and a list of confounders identified by the Environmental Epidemiology of Autism Research Network. 7 We included child sex (categorical), birth month (categorical), birth year (categorical), maternal age (continuous), mother's birth country (categorical), and neighborhood-level urbanicity (categorical) and income band (continuous). We did not adjust for gestational age or birth weight in our primary analyses, because they may be on the causal pathway between air pollution and ASD. 10, 16 We examined the association between air pollution exposure and the odds of ASD using single pollutant and single-period models. We calculated odds ratios (ORs) and 95% CIs using logistic regression to estimate increases in odds of ASD per interquartile range (IQR) change in PM 2.5 , NO, and NO 2 levels. We also tested for interactions between sex and exposure for all air pollutants and periods. Additionally, we conducted sex-stratified and sensitivity analyses by individually adding gestational age, status as small for gestational age, birth weight, multiple birth status, maternal parity, and maternal smoking status to our original model; replaced birth month with conception month; and replaced original exposure estimates with estimates using nontruncated, temporally adjusted LUR models. All statistical analyses were performed in R versions 3.3, 3.4, and 3.5.
Results
Of the 132 256 children born in the Vancouver metropolitan area from 2004 through 2009, 1307 (1.0%) were diagnosed with ASD. The median age at assessment for ASD was 4.2 years (IQR, 3.3-5.2 years). Children diagnosed with ASD were more likely to be male (at a ratio of approximately 1 to for NO, and 16.0 to 13.5 ppb for NO 2 (eFigure 4 in the Supplement). Concentrations of PM 2.5 were higher during summer because of secondary PM 2.5 formation and episodic smoke from forest fire activity. 36 In contrast, NO and NO 2 concentrations were higher in winter. For mothers, the median monthly mean exposure during pregnancy of PM 2.5 was 3.5 μg/m 3 (IQR, 2.7-4.2 μg/m 3 ); of NO, 18.3 ppb (IQR, 14.0-24.7 ppb); and of NO 2 , 14.3 ppb (IQR, 12.2-17.0 ppb). Values were similar across the full pregnancy and trimesters (eTable 1 in the Supplement). Correlation across periods (eFigure 5 in the Supplement) was high for both PM 2.5 (r = 0.8-1.0) and NO 2 (r = 0.6-1.0), suggesting a limited ability to differentiate between exposures across trimesters.
In unadjusted logistic regression models, we estimated an increase in odds of ASD with increased air pollution exposure for the full pregnancy (PM 2.5 : OR, Table 2 ) and for each trimester. The associations remained after adjusting for child sex, birth month, birth year, maternal age, maternal birthplace, urbanicity, and income band for exposure to NO (OR, 1.07 [95% CI, 1.01-1.13]), but the association was not statistically significant for PM 2.5 (OR, 1.04 [95% CI, 0.98-1.10]) or NO 2 (OR, 1.06 [95% CI, 0.99-1.12]) for the same IQR increase in each pollutant (Table 2 ). In the comparison of odds for male vs female children in full pregnancy models, the ORs in male children were 1.04 (95% CI, 0.98-1.10) for PM 2.5 ; 1.09 (95% CI, 1.02-1.15) for NO; and 1.07 (95% CI, 1.00-1.13) for NO 2 . For female children, they were 1.03 (95% CI, 0.90-1.18) for PM 2.5 ;0.98 (95% CI, 0.83-1.13) for NO; and 1.00 (95% CI, 0.86-1.16) for NO 2 (Table 2 ; eFigure 6 in the Supplement). Tests of interactions between sex and exposure for all air pollutants and periods were not statistically significant.
We conducted sensitivity analyses to examine whether adjusting for gestational age, status as small for gestational age, birth weight, multiple birth status, maternal parity, and maternal smoking status altered outcome estimates. We also replaced birth month with conception month and compared temporally adjusted exposure estimates using truncated and nontruncated LUR models. Adjusting for the additional covariates added to the base models and using exposure estimates derived from nontruncated LUR models resulted in nearly identical ORs and CIs for all adjustments for the 3 pollutants, with nearly all ORs and CIs for NO retaining statistical significance and most ORs and CIs for PM 2.5 and NO 2 showing no significant association (eTable 2 in the Supplement).
We had limited ability to differentiate between trimester exposures because of their high correlation. Likelihood ratio tests on adjusted models with mutually adjusted trimesters (eTable 3 in the Supplement) indicated no differences in odds of developing ASD between trimester-specific exposures for any of the pollutants.
Discussion
We observed increased risk of ASD associated with exposure to PM 2.5 , NO, and NO 2 in what is, to our knowledge, one of the largest population-based cohort studies of prenatal exposures to air pollution and the subsequent development of ASD. Exposures to PM 2.5 and NO 2 were not significantly associated with risk for ASD. Notably, this study was conducted in a population with low levels of air pollution and relied on strict, established, clinically verified ASD diagnostic criteria.
We found an association between ASD and prenatal exposures to NO (Figure) . While the OR was small, a small increase in relative risk for high prevalence exposures can result in a large burden of disease. Consistent with the meta-analysis by FloresPajot et al, 8 we did not find a significant association between ASD and PM 2.5 or NO 2 exposure during full pregnancy. Although NO is not a regulated air pollutant, we included NO as an indicator of traffic-associated air pollution because our exposure models were capable of distinguishing between NO and NO 2 as primary and secondary traffic-associated air pollutants. Like 1 prior study, 13 our sex-stratified analyses did not show differences in ORs among male children compared with female children, because the test for interactions was not significant. Because of the smaller number of female children with ASD in our study, the sex-stratified models with female children had wider CIs.
There is insufficient evidence of clear trends in increased odds by trimester. A systematic review on PM and ASD reported no definitive conclusions between exposure periods, PM, and risk of ASD.
9 Based on a small number of studies, Flores-Pajot et al 8 reported an increase in the strength of association between PM 2.5 and ASD from the first to the third trimester, from a risk ratio of 1.10 to 1.33 per 10 μg/m 3 , and little difference across trimesters for NO 2 . We did not adjust for birth weight, status as small for gestational age, and preterm birth in our primary analyses, because these could be on the causal pathway between air pollution and ASD. Studies have found adverse associations between traffic-associated air pollution and birth weight, status as small for gestational age, and preterm birth, 37, 38 and some evidence that these may be associated with ASD.
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With a linkage of our cohort to Ministry of Education data that contain ASD diagnoses from both BCAAN and private practitioners for children in the public-school system, 1967 children were identified with ASD, although only 1307 (66.4%) are If multiple models were presented in a study, the chosen models were those that used temporally adjusted exposure estimates to account for temporal variation and models that used full pregnancy exposure estimates without mutually adjusting for other periods. For comparability, effect estimates were standardized to 10 μg/m 3 unit change for 2.5-μm particulate matter (PM 2.5 ) and 10 parts per billion (ppb) unit change for nitric oxide (NO) and nitrogen dioxide (NO 2 ; NO, 20.5 ppb; NO 2 , 15.1 ppb). These differences were not meaningful, and we did not suspect differential misclassification by exposure.
Limitations
This study has strengths and limitations. In our study, which is, to our knowledge, one of the largest population-based cohorts on ASD and air pollution, all children who were diagnosed with ASD received a clinical diagnosis by qualified diagnosticians who have undergone extensive training to provide standardized clinical assessments. However, children in British Columbia who received an ASD diagnosis from a private practitioner were not included in this case definition.
We included covariates (social class, urban residence, maternal age, season of conception or birth, and calendar time) based on a list identified by the Environmental Epidemiology of Autism Research Network.
7 Although we controlled for these potential confounders, we did not test for multiple comparisons and residual confounding may remain, likely biasing our effect estimates toward the null. Our temporally adjusted LUR models had high spatial and temporal resolutions to help reduce measurement error. Spatially, exposure estimates were resolved to small geographic areas at a postal code level. Exposure errors derived from these models are typically Berkson-like, in which case the error has little to no effect on ORs but rather increases the width of CIs. 42 However, trimester-specific analyses were limited by the high correlation between trimester exposures. Incorporating residential history during pregnancy into exposure estimates could potentially increase exposure variation and reduce correlation of trimester exposures if pregnant women move between areas with noticeably different air pollution concentrations. Direct exposure assessment is not possible in a study of this size, particularly for exposures for the full 9-month duration of a pregnancy and a study using a retrospective design. Sampling pregnant women from the time of conception and prospectively measuring their exposures would not be possible, and any direct measurement during pregnancy would be especially challenging, because ASD is a rare outcome. In a study comparing short-term personal exposures to air pollution in pregnant women vs ambient air pollution estimates from the LUR models, the ability of these models to characterize high-resolution spatial variability in exposure was also reflected in personal exposure measurements, with increased correlation when both home and work locations were considered.
33
Accounting for time-activity patterns during pregnancy could help improve personal exposure estimates, 33 although pregnant women tend to increasingly spend more time at home during the more advanced part of pregnancy.
43
Our study design only tested associations for single pollutants. Assessment of pollutant mixtures are an important future research direction.
Conclusions
Using strict person-specific diagnostic criteria and highresolution exposure estimates applied to a large populationbased birth cohort, we observed an association between exposure to NO and increased risk of ASD in a metropolitan area with relatively low ambient air pollution levels. These findings suggest that reducing exposure to NO for pregnant women may be associated with a reduction in ASD incidence. (1) Temporal trends in monthly average concentrations PM2.5, NO, and NO2 from air quality monitoring stations in Metro Vancouver. Annual average concentrations have decreased slightly: from an annual average of 5.7 to 5.0 µg/m 3 for PM2.5, 16.0 to 11.0 ppb for NO, and 16.0 to 13.5 ppb for NO2. Concentrations of PM2.5 tended to be higher in summer, whereas NO and NO2 concentrations were higher in winter.
eFigure 5. Correlation matrix of air pollutant exposures across pregnancy and trimesters.
The correlation matrix shows the distribution of exposure estimates for each pollutant across four time periods (i.e. full pregnancy and trimesters 1-3) and the correlation coefficient among all pollutant and time periods pairs. NO2 showed moderate positive correlations with both PM2.5 and NO. Correlations across time periods within pollutants was high for PM2.5 and NO2. Abbreviations: PRG, full pregnancy; TR1, trimester 1; TR2, trimester 2; and TR3, trimester 3. 
